A new metal-free protocol for promoting oxidation of amines in aqueous-organic medium was developed. NaIO 4 and TEMPO as the catalyst emerged as the most efficient and selective system for oxidation of differently substituted benzyl amines to the corresponding benzaldehydes without overoxidation.
Introduction
Oxidation chemistry plays a central role in organic synthesis and many industrial processes rely on oxidations as key steps. Oxidation reactions are indeed an important tool for the interconversion of functional groups and are largely exploited for alkane or alcohol transformations.
1 Oxidation of amines has been less explored but it can afford a large panel of products ( Fig. 1) , some oxidations aim at the nitrogen atom, other at both nitrogen and carbon atoms. Thus, selective reagents and controlled conditions are required to get a specic functional group. Moreover, pressure from society and regulation is placing important restrictions on industrial oxidation technology, with emphasis on the need for sustainable and environmentally friendly processes.
The oxidation of amines to get aldehydes is a particularly interesting transformation and despite its efficiency, the most common protocols suffer from the required use of stoichiometric amounts of toxic metal-containing reagents, such as KMnO 4 catalysts. In addition, these methodologies are sometimes affected by over oxidation of aldehydes to carboxylic acids. The synthesis of imines via oxidative coupling of primary amines or oxidation of secondary amines were recently explored using metals or metal-complexes as catalysts.
9 Recently, photocatalysts such as titanium or niobium salts by UV irradiation, and mesoporous-C 3 N 4 , 10 
CdS,

11
Au-Pd/ZrO 2 , 12 conjugated microporous poly(benzooxadiazole) networks 13 and hollow microporous organic networks 14 by visible irradiation have been reported as active and highly selective catalysts for this oxidation. However, pure oxygen at high pressure is required. In recent contributions Au/TiO 2 15 BiVO 4 with a copper complex, 16 and goldthiolates/TiO 2 nanoclusters using atmospheric oxygen under visible light were used for benzylamine oxidation to secondary imines.
17
Many of these oxidation systems still require harsh reaction conditions and produce metal-containing wastes.
18 Therefore, as an improvement, some metal-free methodologies were studied. Recently synthetic quinone-based catalysts for the efficient aerobic oxidation of amines to imines were reviewed.
19
These methods have been inspired by copper amine oxidases, a family of metallo-enzymes which selectively converts primary amines into aldehydes, using molecular oxygen through the cooperation of a quinone-based cofactor. As an example of oxidation with enzymes from our research group, 20 we reported a selective bio-oxidation of amines to aldehydes or imines using laccase by Trametes vs. and TEMPO as mediator. 21 Stable nitroxyl radical TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) plays a salient role as catalyst in metal-, organo-or biocatalysed oxidation processes and signicant progress in terms of catalytic efficiency and substrate applicability has been achieved, 22 including oxidation of amines. 23 Concerning the bio-oxidation of amines, Contente et al. reported an application of a ow-based biocatalysis in the oxidation of amines to aldehydes by an immobilized transaminase with sodium pyruvate as co-oxidant, 24 and Zheng et al. reported the a-oxydation of cyclic amines to amides by whole-cell biotransformation.
25
Using metal-free oxidants, Gaspa et al. reported a mild and solvent-free oxidation of primary amines to aldehydes, ketones, and nitriles by N-chlorosuccinimide under ballmilling conditions. 26 Very recently Brisar et al. described the use of pyrazine cation for the aerobic oxidation of amines to imines. 27 Concerning the use of inorganic metal-free oxidants, choline peroxydisulfate was successfully applied to a selective oxidation of secondary amines to hydroxylamines. 28 De Souza et al. reported a selective synthesis of imines and amides by oxidative coupling of amines using NaOCl. 29 Hypochlorite indeed is a widely used and cheap oxidant but its solutions liberate toxic gases such as chlorine when acidied or heated. Moreover, when chlorinebased oxidants are used in conjunction with organic compounds the formation of potentially harmful organochlorine compounds is oen an inevitable side reaction (chloramines, dioxines, etc), thus favoring the development and use of chlorine-free oxidant systems.
30
From this point of view, NaIO 4 can be considered a promising oxidative agent, since it is a relatively cheap reagent, exploitable in water or aqueous solvents.
31 Moreover, it is active at neutral pH and under mild conditions which is compatible with a wide range of functionalities and for this reason it has been extensively used in oxidation reactions for organic synthetic applications. Sodium periodate has also been oen used in combination with other more expensive oxidants, in this case the use of periodates in stoichiometric amounts as primary oxidants allows the use of these expensive oxidants in catalytic amounts.
31
As an ongoing interest in sustainable oxidation methodologies, we now report on the use of the stable radical TEMPO as catalyst in combination with metal-free oxidation systems in aqueous medium to oxidize amines. We focused on the promising system NaIO 4 /TEMPO to selectively transform amines into the corresponding aldehydes and exploiting the reaction selectivity towards benzylic amines to develop a new protocol for removal of pMeO-benzylic group on secondary amines. Application of the oxidation system to cyclic amines in turn gave preferentially the unsaturated derivatives.
Results and discussion
Starting from our previous results with laccase Tv in the presence of TEMPO as catalyst, we initially investigated some inorganic oxidants for a selective oxidation of amines. 21 To increase the sustainability of the process, we chose as reaction solvent an homogeneous aqueous-organic mixture able to dissolve both the starting amine and the oxidant, and mixtures of water and acetonitrile turned out to be suitable. We started our investigation using pOMe-benzylamine 1a as model substrate in H 2 O/ CH 3 CN (v/v ¼ 2 : 1) ( Table 1 ) and some inorganic oxidants were screened such as NaClO, NaClO 2 /NaClO(cat), NaClO/NaBr (cat) following the Anelli-Montanari's protocol, 32 Na 2 S 2 O 8 , and NaIO 4 . Data in Table 1 illustrate the effect of some parameters on the reaction efficiency and on the distribution of the oxidation products. The aqueous reaction medium brought an initial drawback deriving from a basic pH resulting on dissolution of amine 1a in the aqueous-organic solvent mixture (observed pH ¼ 12). This basicity deactivated in some cases the oxidation system, thus giving low conversions and yields (entries 1, 7, and 9, Table 1 ). To overcome this problem, the addition of one equivalent of acetic acid was successful in decreasing the initial pH to 7 and afforded a substantial improvement on both conversions and yields (entries 2, 3, 5, and 8, Table 1 ). The radical TEMPO showed to be an effective organocatalyst in promoting the reaction with almost all the oxidants with an optimized amount of 10 mol% to increase both yields and selectivity (Table 1, for NaClO-NaBr see entries 4-6, for Na 2 S 2 O 8 see entries 7-8, for NaIO 4 see entries 12 and 13). Concerning the effect of the oxidation system on products selectivity, NaClO 2 /NaClO or NaClO alone are efficient but poorly selective, affording almost complete conversions but a mixture of products: aldehyde/acid/ nitrile with NaClO 2 /NaClO, and an aldehyde/nitrile 1 : 3 mixture with NaClO (Table 1 , entries 2 and 3). NaClO-NaBr and Na 2 S 2 O 8 are very selective oxidants with an exclusive formation of the aldehyde 2a but do not reach complete conversions. NaIO 4 alone or with TEMPO 2 mol% gave mixtures of aldehyde and imine (Table 1 entries 9 and 10), but on increasing the amount of TEMPO to 10% it yielded the aldehyde only. Finally, NaIO 4 in the presence of 1 equiv. of acetic acid and 10% TEMPO gave complete conversion with an excellent isolated yield of 2a (Table 1, entry  13 ). Thus, from the initial screening, the system NaIO 4 /TEMPO/ AcOH emerged as the most efficient and selective method to oxidize the model amine 1a to the aldehyde 2a. We next examined the inuence of solvent mixtures and the amount of TEMPO with NaIO 4 on conversions and yields ( Table  2 ). The mixture H 2 O/CH 3 CN 2 : 1 gave the best result, but on shortening the reaction time, the efficiency decreased (Table 1, entries 1 and 2) .
On increasing the concentration of 1a by diminishing the total solvent volume, the system recovered efficiency with good conversions and isolated yields in a shorter reaction time ( Table  2 , entries 3 and 4). An increase of the relative amount of CH 3 CN in H 2 O was not efficient ( Table 2 , entries 5 and 6) and worse results were obtained either in pure CH 3 CN because of the insolubility of NaIO 4 , or in H 2 O alone because of the insolubility of the starting amine 1a (Table 2 entries 7 and 8).
With the optimized conditions in hand, the oxidation protocol with NaIO 4 /TEMPO/AcOH was then applied to a series of commercial aldehydes to test the substrate scope (Table 3) . Benzylamines 1a-f with different substituents on the aromatic ring were selectively and efficiently oxidized to the corresponding benzaldehydes 2a-f; both electron donating and electronwithdrawing substituents on the phenyl ring are well tolerated, giving access to the corresponding aldehydes in good to excellent isolated yields. 1-Phenyl ethylamine 1i gave acetophenone 6 as expected, whereas its structural isomer 2-phenylethylamine 1k afforded a mixture of products: 2-phenylacetaldehyde 2k isolated in low yields (10%), benzaldehyde 2b as the main product (40%) derived from an oxidative C-C cleavage of 2k, 33 and traces of benzoic acid as over-oxidation of benzaldehyde. 2-Phenylpropylamine 1j yielded acetophenone 6 as the only product. Compound 6 probably derived from an initial oxidation of 1j to 2-phenylpropanal which underwent an oxidative C-C cleavage to 6 as previously observed for phenylpropionic aldehydes. 34 Tryptamine 1l provided only polymerized products, and we could not obtain a successful oxidation for any tested cyclic or linear aliphatic amine (Table 3 , entries 13-16) thus revealing a strong selectivity towards the oxidation of benzylic moiety.
We then evaluated a series of N-benzyl secondary amines 7-12, which were prepared via reduction of the corresponding c Amines were isolated as ammonium salts in the basic organic extract by adding an equivalent of triuoroacetic acid (TFA).
d 20% of TFA salt of 1a was obtained.
imines or via a one-step reductive amination starting from the corresponding aldehydes and amines (see ESI †) ( Table 4) . Oxidation of symmetrical bis-p-methoxy-benzylamine 7 exclusively gave the aldehyde 2a in good yields with 2.2 equiv. of periodate (Table 4 , entry 2). In the presence of 1.1 equiv. of TEMPO (Table 4 , entry 1) only traces of amine 1a, intermediate of the rst oxidation step, were obtained. This could be due to a slower reactivity of the secondary amine 7 than the primary amine intermediate 1a, similarly to the oxidation with TEMPO of secondary alcohols compared to the primary ones.
35
Unsymmetrical amines 8-12 were selectively oxidized only on the benzyl moiety, consequently yielding pOMe-benzaldehyde 2a and the aliphatic amine that were easily separated via liquid-liquid acid-base extraction (see Experimental section) as pure products in satisfactory to excellent yields. As a general observation, the yield of aldehyde 2a was in all cases increased by doubling the equivalents of sodium periodate (Table 4 , entries 1-8). The developed protocol could be then used to obtain selective deprotection of benzylic groups on secondary amines.
A tentative analysis of TEMPO-mediated oxidation pathway could account for the observed selectivity. TEMPO is a stable nitroxide radical which undergoes a one-electron oxidation to the active oxidizing agent, the oxammonium cation A (Scheme 1). The oxidation process provides the reduced form as the neutral hydroxylamine B. Nitroxide radicals can be used in a catalytic amount in the presence of a terminal oxidant and it has been already demonstrated the ability of sodium periodate to behave as terminal oxidant in alcohol oxidations with TEMPO as catalyst. 36 Considering the mechanism proposed for alcohol oxidation by oxammonium cation, 37 a tentative mechanism for the selective oxidation of secondary amines in aqueous medium could be formulated.
The reaction is initiated by the attack of the amine on A leading to the complex C, beta-hydrogen elimination then produces two possible imines as intermediates and the hydroxylamine B which is re-oxidized to oxammonium A by periodate. The H elimination selectively addressed the benzylic hydrogen rather than the aliphatic one probably on account of a lower C-H bond dissociation energy of the benzylic Scheme 1 Proposed mechanism for selectivity in secondary amine oxidation with NaIO 4 /TEMPO. position. 37, 38 In the aqueous medium the aryl-conjugated imine D undergoes hydrolysis to give the target aryl-aldehyde and amine.
Finally, three aromatic bicyclic amines 1q-s were evaluated. Amine 1q underwent oxidative aromatization and quantitatively gave indole, as well as 1r provided quinoline 14 in 74% isolated yield with 2 equiv. of sodium periodate and 1 equiv. of acetic acid.
1,2,3,4-Tetrahydroisoquinoline 1s with 1 equiv. of periodate gave the imine 15 as the main product (78% yield) and small amounts of the amide 16 (Table 5 entry 4) , but on enhancing the equivalents of periodate increased amounts of the amide 16 and the formation of the isoquinoline 17 were detected (Table 5 entries 5 and 6).
1 H NMR spectra representing products distribution in crude mixture of entry 6 is reported in Fig. 3S 
Conclusions
Selectivity and sustainable reaction conditions are key issues for the development of new eco-friendly methodologies for amine oxidation. Indeed, selectivity is oen a critical point because of the large number of possible products and many systems for amine oxidation still need metal-containing reagents and produce toxic or hazardous wastes. According to this, we investigated some inorganic metal-free oxidants for oxidation of amines. NaIO 4 /TEMPO turned out to be the most efficient and selective system for benzylamines oxidation to benzaldehydes in aqueous-organic medium. If combined with 1 equiv. of acetic acid, this system provided complete conversions of substituted benzylamines to the corresponding benzaldehydes that were efficiently isolated in good to excellent yields. Oxidation of secondary amines gave selective oxidation on the benzylic portion thus realizing an oxidative deprotection of the N-benzyl group with an easy amine recovery. A mechanism considering the selectivity for secondary amines oxidation was formulated. Finally, application of the optimized oxidative method to some cyclic amines such as dihydroindole, tetrahydroquinoline and tetrahydroisoquinoline conrmed its efficiency mainly providing the corresponding aromatic derivatives.
Experimental
General methods
Commercial reagents (reagent grade, >99%) were used as received without additional purication. General procedure for p-methoxybenzylamine oxidation (GP1). In a 25 mL two-necked ask, p-methoxybenzylamine 1a (0.4 mmol, 1 equiv.) was dissolved in the corresponding solvent or solvent mixture (see Tables 1 and 2 ). AcOH (if specied), TEMPO (if specied) and the oxidant were then added according to what reported in Tables 1 and 2 . The mixture was then quenched (reaction time specied in Tables 1 and 2 ) with HCl 1 M and extracted with EtOAc (3 Â 10 mL). The collected organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate p-anisaldehyde 2a (or compounds 3a, 4a, and 5a if specied). The aqueous phase was then basied with NaOH 1 M and extracted with EtOAc (3 Â 10 mL). The organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate the starting amine 1a, if present. The amount of the residual 1a allowed the determination of conversion%.
General procedure for amines oxidation to aldehydes with sodium periodate (GP2). In a 25 mL two-necked ask, AcOH (0.4 mmol, 1 equiv.), TEMPO (0.04 mmol, 0.1 equiv.) and NaIO 4 (0.4 mmol, 1 equiv.) were added to a solution of the desired amine 1a-1p (0.4 mmol, 1 equiv.) in a 2 : 1 ratio of H 2 O/CH 3 CN (15 mL) (see Table 3 ). Aer 20 h the mixture was quenched with HCl 1 M and extracted with EtOAc or Et 2 O (3 Â 10 mL). The collected organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate the corresponding aldehydes 2a-k or compounds 6 and 3b where specied. The aqueous phase was then basied with NaOH 1 M and extracted with EtOAc or Et 2 O (3 Â 10 mL). The organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate the residual starting amines 1a-1l, if present. The residual aliphatic amines 1m-1p were isolated as ammonium salts in the basic organic extract by adding one equivalent of triuoroacetic acid (TFA) just before the nal solvent evaporation.
General procedure for secondary amines oxidation with sodium periodate (GP3). In a 25 mL two-necked ask, AcOH (0.4 mmol, 1 equiv.), TEMPO (0.04 mmol, 0.1 equiv.) and NaIO 4 (as specied in Table 4 ) were added to a solution of the desired secondary amine 7-12 (0.4 mmol, 1 equiv.) in a 2 : 1 ratio of H 2 O/CH 3 CN (10 mL) (see Table 4 ). Aer 20 h the mixture was quenched with HCl 1 M and extracted with EtOAc or Et 2 O (3 Â 10 mL). The collected organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate p-anisaldehyde 2a. The aqueous phase was then basied with NaOH 1 M and extracted with EtOAc or Et 2 O (3 Â 10 mL). The organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate amines RNH 2 (1a, 1j, 1m, 1n, 1o , and 1t, see Table 4 ). When specied, amines were isolated as ammonium salts in the basic organic extract by adding one equivalent of triuoroacetic acid (TFA) just before the nal solvent evaporation.
General procedure for cyclic amines oxidation with sodium periodate (GP4). In a 25 mL two-necked ask, AcOH (0.4 mmol, 1 equiv., if specied in Table 5 ), TEMPO (0.04 mmol, 0.1 equiv.) and NaIO 4 (0.4 mmol, as specied in Table 5 ) were added to a solution of the desired amine 1q-1s (0.4 mmol, 1 equiv.) in a 2 : 1 ratio of H 2 O/CH 3 CN (10 mL). Aer 20 h the mixture was quenched with HCl 1 M and extracted with EtOAc or Et 2 O (3 Â 10 mL). The collected organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate the oxidation products 13, 15 (in its protonated form) or 16 (see Table 5 ). The aqueous phase was then basied with NaOH 1 M and extracted with EtOAc or Et 2 O (3 Â 10 mL). The organic layers were dried on anhydrous Na 2 SO 4 , ltered and concentrated to isolate the starting amines 1q-1s if present, and the oxidation products 14, 15 and 17 (see Table 5 ).
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